ABSTRACT Corn engineered to produce the Cry3Bb1 protein from Bacillus thuringiensis (Bt) kumamotoensis has provided unprecedented control for corn rootworm (Diabrotica spp.). However, the Bt protein may be released in soil by root exudates or decaying plant residues that may affect soil organisms. Field studies were conducted to determine the abundance of surface and below-ground nontarget arthropods in Þelds planted with Bt or non-Bt corn for the Þrst year or planted over 3 consecutive yr. Results of these studies showed that there were no signiÞcant differences in numbers of surface and below-ground arthropods in soil planted with Bt and non-Bt corn at any of the studied locations. Enzyme-linked immunosorbent assay (ELISA) showed no detectable Cry3Bb1 protein in any of the soil samples collected in a Þeld planted with a Bt corn hybrid and its non-Bt isogenic hybrid for the Þrst year or planted over 3 consecutive yr near Manhattan, KS. However, a small amount of Cry3Bb1 protein (3.38 Ð 6.89 ng/g dry soil) was detected in the soil samples collected from an area near plants in a Bt corn Þeld that was planted for the Þrst year near Scandia, KS. These Þndings indicate that the Cry3Bb1 protein released from root exudates or decaying plant residues does not persist and is rapidly broken down in the soil. The rapid degradation of Cry3Bb1 in soil results in none or trace amounts of protein being detected by ELISA.
THE WESTERN CORN ROOTWORM (Diabrotica virgifera virgifera LeConte) and northern corn rootworm (Diabrotica barberi Smith and Lawrence) are the most pernicious insect pests of corn (Zea mays L.) in the United States (Steffey et al. 1999 , Whitworth et al. 2002 . Corn rootworms cost U.S. corn farmers one billion dollars annually in yield losses and control costs (Metcalf 1986 , Agricultural Research Service 2001 . The rootworm larvae prune the roots of plants and reduce their ability to absorb nutrients and to tolerate drought (Reidell 1990 , Levine and Oloumi-Sadeghi 1991 , Sloderbeck et al. 2004 ). Reduction of the plant root system also leads to lodging (often referred to as "goosenecking") because the plants are not held Þrmly in the ground. The fallen plants reduce the ability of the leaves to gather sunlight and create harvesting problems (Steffey et al. 1999 , Sloderbeck et al. 2004 . Crop rotation, foliar applications of insecticides targeted to the beetles to prevent egg laying, and soil insecticide applications at planting time to protect roots are common options currently used to manage corn rootworms in corn (Peairs and Pilcher 2001) .
The new transgenic Bt corn hybrid YieldGard Rootworm, containing a gene from Bacillus thuringiensis (Bt) kumamotoensis that produces Cry3Bb1 protein to protect the plant from corn rootworm larval feeding, was recently introduced in the United States (Payne et al. 2003 , Rice 2003 . Because the corn hybrid has provided effective control of corn rootworm larvae Rice 2001, Tollefson and Oleson 2002) , the Bt corn area is likely to continue increasing during the next few years in the United States, where Ϸ18% of Ϸ80 million acres are currently treated with insecticides for corn rootworm management (James 2002) . It is most likely that the adoption of corn rootworm transgenic hybrids will be much greater than adoption of Bt corn hybrids for the control of the European corn borer [Ostrinia nubilalis (Hü bner)] because of the predictability of corn rootworm outbreaks (Gray 1999) . In addition, the Environmental Protection Agency (EPA) also approved the registration of YieldGard Plus, which provides growers with a seed genetically modiÞed to control both European corn borer and corn rootworm.
One important concern associated with the rapid adoption of the transgenic Bt crops, however, is their potential effects on nontarget organisms. Because the level of Cry3Bb1 protein in Bt corn for corn rootworm control is high in all tissues compared with Bt corn that targets species of Lepidoptera, the exposure of soil organisms to the Cry3Bb1 protein may be high (U.S. EPA 2000) . It is important to control corn rootworms without damaging existing beneÞcial surface and below-ground fauna. Carabidae (Coleoptera) and spiders (Araneae) are the most abundant ground-dwelling arthropods in agroecosystems (Sunderland et al. 1986 , Glü ck and Ingrisch 1990 , Clark et al. 1993 , Lö vei and Sunderland 1996 , Witmer et al. 2003 . These arthropods have been studied intensively as important predators of insect pests and considered beneÞcial in Þeld crop production systems (Tyler and Ellis 1979 , Nyffeler and Benz 1988 , Reichert and Bishop 1990 , Provencher and Reichert 1994 , Symondson et al. 2002 .
In addition, the health and quality of the soil are directly related to the number and diversity of soil invertebrates present. The importance of soil invertebrates as vital components of soils and as potential indicators of soil quality is being recognized more and more (Blair et al. 1996) . Among soil invertebrates, nematodes (Bongers 1990) , Collembola (Frampton 1997) , and mites (Ruf 1998 ) are candidates as bioindicators because of their roles in nutrient cycling and decomposition. The majority of microarthropods occur in the top 5Ð10 cm of soils. Mites and Collembola generally constitute 90 Ð95% of microarthropod samples, although the relative abundance of different groups differs in different biomes (Coleman et al. 1999) .
Exposure of soil organisms to Bt protein could result from exposure to crop residues (Zwahlen et al. 2003a) or intact roots or from exposure to protein exuded from roots (Saxena et al. 1999, Saxena and Stotzky 2000) , during and after the growing season. In addition, some exposure might be caused by the deposition of pollen released during tasseling (Zwahlen et al. 2003b) . Studies with different Bt proteins suggest that they may be released in soil by root exudation or by decaying plant residue where they may bind rapidly and tightly to clays and humic acids, thereby remaining biologically active in the soil (Palm et al. 1994 , Crecchio and Stotzky 1998 , Tapp and Stotzky 1998 , Saxena et al. 1999 , Saxena and Stotzky 2000 . Zwahlen et al. (2003a) reported no or little degradation of the Cry1Ab protein in corn plant residues in litter bags during the Þrst 2 mo, with a small amount of protein remaining until late spring. Using puriÞed Bt protein, rather than material from Bt plants, Tapp and Stotzky (1998) also found that Bt protein remained active for at least 234 d. Thus, accumulation and persistence of plant-produced Bt protein in soils may occur where the crops are repeatedly grown and residues of the crop plants are incorporated into the soil Stotzky 1995, Crecchio and . These studies suggest that long-term exposure of nontarget soil organisms to Bt protein is plausible (Saxena and Stotzky 2001 , Saxena et al. 2002 , Zwahlen et al. 2003a ).
In contrast, other studies with Bt corn and Bt cotton (Cry 1Ab and Cry1Ac) have found that these Bt proteins do not persist and are generally broken down in the soil in Ͻ20 d (Ream et al. 1994 , Sims and Holden 1996 , Palm et al. 1996 . Hopkins and Gregorich (2003) suggested that much of the protein in crop residues quickly decomposes in soil, but that a small fraction may be protected from decay in relatively recalcitrant residues. Head et al. (2002) showed that the amount of Cry1Ac protein accumulated is extremely low in soils where transgenic Bt cotton plants had been continuously grown and subsequently incorporated into the soil for 3Ð 6 yr.
Furthermore, different studies have revealed that the abundance of ground-dwelling arthropods measured by pitfall traps was not signiÞcantly different in Bt and non-Bt small plots during the corn growing cycle (Cry1Ab: Dively and Rose 2002, Cry3Bb1: AlDeeb and . Similarly, reported that the number of soil mites and collembolans was similar in soil planted with Bt corn (Cry3Bb1) and soil planted with its non-Bt isoline. Saxena and Stotzky (2001) also found that root exudates from Bt corn (Cry1Ab) had no observable effect on earthworms, nematodes, protozoa, fungi, or bacteria.
Bt corn hybrids expressing the Cry3Bb1 protein for corn rootworm control have only recently been made commercially available, and until now, the data in support of the safety of the Cry3Bb1 protein to nontarget soil fauna were limited. There is a need to study the presence of Cry3Bb1 protein in agricultural Þelds where Bt corn had been repeatedly planted and to examine its potential effect on populations of nontarget ground and below-ground arthropods. The objectives of this study were to determine the effect of transgenic Bt corn expressing the Cry3Bb1 protein on the abundance of nontarget surface and below-ground arthropods and to determine if the Cry3Bb1 protein is present in soils where transgenic Bt corn had been continuously grown for 3 yr.
Materials and Methods

Experimental Site and Design (2002)
Bt corn hybrid and its non-Bt isogenic hybrid without the cry3Bb1 gene were planted in the North Farm, Department of Agronomy, Kansas State University, Manhattan, KS. The presence of Cry3Bb1 protein in Bt corn plants was tested with an enzyme-linked immunosorbent assay (ELISA) strip speciÞc for the Cry3Bb1 protein (provided by Monsanto Co., St. Louis, MO). The experiment was designed as a randomized complete block with four treatments in four replicates. Each plot consisted of 20 rows, 15.24 m long, in a 76.2-cm row spacing. Treatments were Bt corn (YieldGard Rootworm) ϩ Poncho 250 (clothianidin) seed treatment at 0.25 mg AI/kernel, non-Bt isoline ϩ Poncho 250 (clothianidin) seed treatment at 0.25 mg AI/kernel, non-Bt isoline ϩ Force 3G (teßuthrin) at 5 oz/304.80 m of row, and non-Bt Isoline.
Experimental Sites and Design (2003)
Corn hybrids as described above were grown at three locations in Kansas: one location near Scandia and two near Manhattan. The Scandia experiment had three treatments in a randomized complete block design with four replications. Each treatment was planted in four rows 9.14 m long with a 76. Bt corn hybrid (YieldGard Rootworm) and a non-Bt isogenic hybrid were planted at Manhattan 2 and Scandia in Þelds that had been in nontransgenic corn in the previous year. However, Bt corn hybrid (YieldGard Rootworm) and a non-Bt isogenic hybrid had been planted for the previous 2 consecutive yr at Manhattan 2. After each season, the stalks were cultivated into the soil with a disk plow. Selected physiochemical properties of the soils were Manhattan 1 (pH 6.4, 1.9% organic matter, 22% sand, 39% silt, and 39% clay), Manhattan 2 (pH 6.9, 2.0% organic matter, 18% sand, 46% silt, and 36% clay), and Scandia (pH 6.9, 2.1% organic matter, 38% sand, 57% silt, and 5% clay).
Pitfall Trapping (2002-2003)
Plastic pitfall traps, modiÞed from Morrill (1975) , were used to evaluate the effects of Bt corn expressing Cry3Bb1 on the abundance of ground-dwelling arthropods in the Þeld near Manhattan in 2002 and in the Manhattan 1 Þeld in 2003. In the Þeld near Manhattan, pitfall trap sampling was conducted on three occasions. However, samples were taken only twice in the Manhattan 1 Þeld because of a severe drought.
Each trap was constructed by digging an appropriately sized hole and placing a plastic Solo cup (473-ml capacity) inside that served as a placeholder for the trap. The soil was checked to ensure that the lip of the cup was even with the surface. A small plastic cup (148-ml capacity) with preservative (50:50 mixture of 95% ethyl alcohol and Super Tech 228 AntifreezeCoolant) was placed at the bottom of the 473-ml plastic cup. A plastic funnel (98-mm top diameter) rested in the top of the outer cup and extended down to the top of the inner small cup. To exclude large vertebrates and rain, each trap was covered with a 15 by 15 cm vinyl cover, mounted above the trap to leave Ϸ4 cm-high entrance on all sides. Four traps per treatment per replicate were installed in the approximate center of each plot. Traps were placed in the Þeld for 3 wk during the corn silking stage. During that time, they were examined weekly, and the preservative was replaced each time. The old preservative and its contents of arthropods were poured into 80-oz plastic containers (Fisher Co., Palatine IL) and brought to the laboratory for processing. In the laboratory, the contents of traps were collected by straining the preservative through a Þne mesh sieve and rinsing the contents of the strainer into new 80-oz plastic containers with 95% ethyl alcohol. Ground-dwelling arthropods were sorted to the family level and counted.
Tullgren-Type Extraction (2002-2003)
The below-ground microarthropods were sampled from intact soil cores using a high-gradient tullgrentype extractor described by Crossley and Blair (1991) . Soil cores were taken on three different occasions during the corn-growing season: early season (corn was in V3 stageÑthird leaf), mid-season (corn was in R1 stageÑsilking), and late season (corn was in R6 stageÑphysiological maturity) from the Manhattan Þeld in 2002 and the Manhattan 1 and Scandia Þelds in 2003. A total of eight soil cores per treatment (two per replication) were taken from each location on each sampling date. The coring tool consisted of a split corer that held round aluminum sleeve (5 cm diameter by 5 cm deep) to contain one soil sample. Soil cores were taken from an area near the root system (Ϸ2 cm away from the plant base) with a simple half twist of the tool. Soil cores were then wrapped in aluminum foil and placed in a Styrofoam cooler with ice for transport to the laboratory. Soil cores were processed on the day they were collected. Soil cores were prepared for extraction using a high-gradient tullgrentype extractor. The top surface of the core was sprayed with 2Ð3 ml of deionized water to minimize soil loss from the core during handling. The roots (if any) projecting from the soil cores were gently removed using scissors. A double layer of cheesecloth and a layer of 1-mm mesh window screen were attached to the cores with rubber bands. Soil cores were inverted and placed in the extractor for 5 d. Extracted soil microarthropods were stored in 95% ethyl alcohol until sorting. Acarina and collembolans were sorted and identiÞed under a dissecting stereoscope (Nikon SMZ1500). Acarina were identiÞed to the suborders Prostigmata, Mesostigmata, Oribatei, and Astigmata using keys for identifying soil mites (Krantz 1970 , Evans 1992 . The identiÞcation of some immature stages was very difÞcult. Therefore, a category called "Others" was used for unidentiÞable mites. The counts of all mites were combined in one category called "Totals" that served as a general indicator of soil mite abundance. Collembola were identiÞed into the families Sminthuridae, Isotomidae, and Entomobryidae (Borror et al. 1989) . Collembola were also categorized as "Others" (unidentiÞed families) and "Total" (all collembolans). Voucher specimens of soil mites (Astigmata, Prostigmata, Mesostigmata, and Oribatei) and Collembola (Sminthuridae, Isotomidae, and Entomobryidae) were submitted to the Insect and Prairie Arthropod Research Museum at Kansas State University.
Quantification of Cry3Bb1 Protein in Soil Samples
Soil Samples. In 2003, soil samples were collected from all experimental locations: Manhattan 1, Man-hattan 2, and Scandia. Soil samples (15 cm deep) from Bt and non-Bt Þelds were taken from an area near the plant base (Ϸ2 cm) and between rows with a hand shovel at each sampling time. Samples from each location were taken on three occasions in the corngrowing season: early season (V3 stage), mid-season (R1 stage), and late season (R6 stage). Samples from a plot of non-Bt corn at each site served as a control. Samples were placed in Ziploc bags and placed in a portable ice box containing dry ice for transport to the laboratory. Soil samples were sieved individually through a 28-mesh (600 m) testing sieve (Fisher Co., Palatine, IL) to remove any Þne root hairs and plant residues and stored in 1.5-ml microcentrifuge tubes at Ϫ80ЊC until analysis.
An extraction buffer (pH 10.5) containing 50 mM sodium borate, 0.75 M potassium chloride, 0.075% (vol: vol) Tween 20, and 10 mM ascorbic acid was used to extract Cry3Bb1 protein from soil samples as described by Palm et al. (1994) . Samples of soil (0.5 g/sample) from Bt and non-Bt corn Þelds at each location were homogenized in 1 ml of extraction buffer for 90 s using a hand-held Tissue Tearor (Biospec, Bartlesville, OK). Immediately after homogenization, the homogenates were centrifuged using a Micromax microcentrifuge (International Equipment Co., Needham Heights MA) at 13,000 ϫ g for 10 min at 4ЊC. Each supernatant was transferred into a new 1.5-ml centrifuge tube held on ice.
The supernatants were analyzed for Cry3Bb1 protein using a double-antibody sandwich ELISA and PathoScreen kit (Agdia, Elkhart, IN). The limit of detection of this ELISA kit is 1 ng/ml protein for extracted samples. The supernatants (100 l per test well) were dispensed into the appropriate test wells of the ELISA plate coated with the antibodies. The plate was incubated for 2 h at 27ЊC in a humid box. After 2 h of incubation, the contents of the test wells were emptied into a sink with a quick ßipping motion. The plate was washed six times by adding 200 l of 1ϫ phosphate buffered saline with tween 20 (PBST) wash buffer into each well using a multi-pipetter. The plate was soaked with 200 l of 1ϫ PBST wash buffer and kept for 3 min at 27ЊC in the humid box. Again, the content of the test wells were emptied into a sink with a quick ßipping motion and tapped Þrmly on a folded paper towel to remove the remaining drops of buffer from the wells. The enzyme peroxidase conjugate was diluted with ECM buffer (0.1 g dried milk ϩ 25 ml 1ϫ PBST) at a ratio of 1:100. One hundred microliters of diluted enzyme conjugate was dispensed into each well of the plate. The plate was incubated again for 2 h and subsequently washed and soaked with the 1ϫ PBST wash buffer as described before. Then 100 l of a tetramethyl benzidine (TMB) substrate solution was dispensed into each well of the plate and was incubated for Ϸ30 min at 27ЊC in a humid box. The optical density was determined by a V max enzyme kinetic microplate reader (Molecular Devices, Sunnyvale, CA) at 650 nm. A Þve-point standard curve using puriÞed Cry3Bb1 standard protein was established by linear regression for estimating the amount of Cry3Bb1 protein in soil samples from Bt and non-Bt corn Þelds.
Efficiency of Extraction of Protein. To determine the efÞciency of Cry3Bb1 extraction, samples of soil (0.5 g) from the non-Bt corn Þeld at each location were mixed with puriÞed Cry3Bb1 protein at different concentrations (80, 40, 20, 10, and 5 ng) . The mixture was vortexed for 1 min to distribute the protein uniformly, incubated for 2 h at 27ЊC, and analyzed using the ELISA procedures described above.
Statistical Analysis
Analysis of variance (ANOVA) was carried out to evaluate the Bt corn hybrid impact on the abundance of ground-dwelling arthropods and soil microarthropods. For the pitfall and Tullgren-type extraction data, analyses were performed using the PROC MIXED procedure in SAS statistical software (Littell et al. 1996 , SAS Institute 2003 . In each experiment, treatments were Þxed effects, and replications were random effects. In each crop season, sampling times from each location were analyzed as repeated measures over time. Means were compared using the least square means (LSMEANS) procedure of PROC MIXED (SAS Institute 2003). The amount of protein recovered from soil samples collected on all sampling occasions were compared using PROC GLM (P ϭ 0.05; SAS Institute 2003).
Results
Pitfall Trapping (2002؊2003)
In 2002, no signiÞcant differences occurred among treatments in the number of Carabidae (P ϭ 0.1641), Elateridae (P ϭ 0.6578), Staphylinidae (P ϭ 0.9124), Cicindelidae (P ϭ 0.9769), Formicidae (P ϭ 0.5510), or Gryllidae (P ϭ 0.6886) recovered in pitfall traps (Table 1) . However, traps placed in the non-Bt isoline without seed treatment caught signiÞcantly more spiders (Araneae) than all other treatments (P ϭ 0.0162; Table 1 ).
In 2003, no signiÞcant difference occurred among treatments in the number of Carabidae (P ϭ 0.9484), Staphylinidae (P ϭ 0.7813), Formicidae (P ϭ 0.7814), Gryllidae (P ϭ 0.5171), or spiders (P ϭ 0.6332; Table  1 ). However, the non-Bt isoline treated with Poncho 250 seed treatment or Force 3G had signiÞcantly fewer Elateridae than the non-Bt isoline treatment (P ϭ 0.0166; Table 1 ). The number of Elateridae in the Bt hybrid (YieldGard Rootworm) ϩ Poncho 250 seed treatment and non-Bt Isoline did not differ signiÞ-cantly.
Tullgren-Type Extraction (2002-2003)
In 2002, no signiÞcant differences in the numbers of Prostigmata (P ϭ 0.6607), Mesostigmata (P ϭ 0.6995), Oribatei (P ϭ 0.6795), Astigmata (P ϭ 0.6601), and Others (P ϭ 0.5146) were found among treatments (Table 2) . Likewise, there were no signiÞcant differ-ences in the total number of mites among all treatments (P ϭ 0.9445; Table 2 ).
No signiÞcant differences were found in the number of Sminthuridae (P ϭ 0.6776), Isotomidae (P ϭ 0.5573), Others (P ϭ 0.4836), or total number of Collembola (P ϭ 0.0847) among all treatments (Table 2) . However, the non-Bt isoline and non-Bt isoline ϩ Poncho 250 seed treatment had signiÞcantly fewer Entomobryidae than the non-Bt isoline with Force 3G (P ϭ 0.0166; Table 2 ). The number of Entomobryidae in Bt hybrid (YieldGard Rootworm) ϩ Poncho 250 seed treatment and non-Bt isoline with Force 3G were not signiÞcantly different.
Results from 2003 for numbers of soil mites and Collembola were similar to those in 2002. In the Manhattan 1 Þeld, there were no signiÞcant differences among treatments in the number of Prostigmata (P ϭ 0.0798), Mesostigmata (P ϭ 0.8853), Oribatei (P ϭ 0.0864), Astigmata (P ϭ 0.9825), and Others (P ϭ 0.9889; Table 3 ). However, the Bt hybrid ϩ Poncho 250 seed treatment had signiÞcantly more total mites than all other treatments (P ϭ 0.0304; Table 3 ).
There were no signiÞcant differences among all treatments in the number of Sminthuridae (P ϭ 0.4254), Entomobryidae (P ϭ 0.5863), Others (P ϭ 0.9488), or total number of Collembola (P ϭ 0.6301) at Manhattan (Table 3) . However, the non-Bt isoline with Poncho 250 seed treatment had signiÞcantly fewer Isotomidae than all other treatments (P ϭ 0.0237; Table 3 ).
In the Scandia Þeld, no signiÞcant differences were found in the number of Prostigmata (P ϭ 0.5306), Mesostigmata (P ϭ 0.7911), Oribatei (P ϭ 0.1811), Astigmata (P ϭ 0.9143), Others (P ϭ 0.3090), or total number of mites (P ϭ 0.5520) among all treatments (Table 4) . Furthermore, there were no signiÞcant differences among all treatments in the number of Sminthuridae (P ϭ 0.6848), Isotomidae (P ϭ 0.4878), Entomobryidae (P ϭ 0.7793), Others (P ϭ 0.5147), or total number of Collembola (P ϭ 0.6371) in the Scandia Þeld (Table 4) .
Determination of Cry3Bb1 Protein in Soil Samples
The extraction efÞciency for Cry3Bb1 was signiÞ-cantly greater in soil from the Þeld near Scandia compared with the Manhattan 1 and Manhattan 2 Þelds at 80 (P ϭ 0.0135), 40 (P Յ 0.0001), 20 (P Յ 0.0001), 10 (P ϭ 0.0010), and 5 ng (P ϭ 0.0020; Table 5 ). However, no difference was observed in the extraction efÞ-ciency of Cry3Bb1 from soil of the Manhattan 1 and Manhattan 2 Þelds at all concentration levels. Moreover, the extraction efÞciency of Cry3Bb1 protein was signiÞcantly greater in soil from the Manhattan 1 (P ϭ 0.0011) and Manhattan 2 (P Յ 0.0001) Þelds when spiked at 80 ng compared with lower concentrations of Cry3Bb1 protein (Table 5) . However, extraction efÞciency of Cry3Bb1 from the Scandia soil was similar at all concentration levels (P ϭ 0.0553; Table 5 ). A Þve-point standard curve was established to determine corrected amounts of Cry3Bb1 protein in soil on the basis of its extraction efÞciency of protein in Scandia soil (Fig. 1) . The release of Cry3Bb1 protein by root exudates or biomass of Bt corn expressing Cry3Bb1 was examined in Bt corn Þelds on three occasions during the growing season. The Cry3Bb1 protein was not detected in soil samples collected from Þelds with non-Bt corn hybrid at any locations. In the Manhattan Þeld, no Cry3Bb1 protein was detected in any of the soil samples collected from an area near the plant base and between rows in Þelds with Bt corn hybrid (YieldGard Rootworm) for 3 consecutive yr (Table 6 ). Likewise, no Cry3Bb1 protein was detected in any of the soil samples taken from an area near the plant base and between rows in both Bt and non-Bt corn Þelds planted for the Þrst year near Manhattan (Table 6 ). However, Cry3Bb1 protein was detected in soil samples collected on all sampling occasions from an area near to plants in the Bt corn Þeld near Scandia (Table 6 shows the corrected amount of Cry3Bb1 protein [ng/g dry soil] detected at that location). Amount of Cry3Bb1 protein detected in soil samples was signiÞcantly different between sampling occasions (P Յ 0.0001; Table  6 ). No Cry3Bb1 protein was detected in any of the soil samples collected from an area near to plants in non-Bt Þelds and the area between rows in Bt and non-Bt corn Þelds (Table 6 ).
Discussion
Some of the important concerns associated with the rapid adoption of Bt crops are their potential effects on nontarget organisms and the persistence and accumulation of Bt proteins in the soil. There is a need to investigate the presence of Bt protein in Þelds at different times in the growing season, as well as in agricultural Þelds where Bt corn has been continuously planted (Head et al. 2002) . Such studies will assist in assessing the potential impact of Bt crops on ground and below-ground nontarget organisms.
A major difference between corn expressing Cry3Bb1 and hybrids of Bt corn (expressing Cry1 proteins) that target species of Lepidoptera is the concentration of Bt protein in various plant parts. The reported concentrations of Bt protein in tissues (roots, leaves, pollen) of corn expressing Cry3Bb1 are much higher than the Bt protein concentrations in the current transgenic Bt corn expressing Cry1 proteins (U.S. EPA 2000) . These large amounts of Cry3Bb1 protein expressed in different plant tissues could pose a higher exposure risk to nontarget ground and below-ground arthropods.
To date, this is the Þrst study using larger plots to investigate the presence of Cry3Bb1 in soils of agricultural Þelds where transgenic Bt corn for rootworm control has been continuously grown and examine its effect on nontarget soil fauna. In general, these studies showed no differences between Bt corn (YieldGard Rootworm) expressing Cry3Bb1 protein and non-Bt corn hybrids in the number of ground-dwelling arthropods (Carabidae, Elateridae, Staphylinidae, Cicindelidae, Formicidae, Gryllidae, and Araneae), as sampled with pitfall traps during the growing cycle of corn. These results are consistent with other studies pertaining to distribution of ground-dwelling arthropods with other commercially available Bt proteins (Cry1Ab: Dively and Rose 2002, Cry3Bb1: Al-Deeb and . Likewise, no signiÞcant differences were detected in abundance of soil mites (Prostigmata, Mesostigmata, Oribatei, and Astigmata) and Collembola (Sminthuridae, Entomobryidae, and Isotomidae) in soil where Bt corn and its non-Bt isogenic hybrid were grown. These results indicate no negative effect on soil mites and Collembola and are in agreement with . In a few instances in our study, signiÞcant differences were found among the treatments in the numbers of a speciÞc nontarget arthropod. However, there was no consistent difference in the abundance of nontarget arthropods sampled in Þelds of Bt corn (YieldGard Rootworm) and non-Bt corn hybrid. There are several possible explanations for these results. It is likely that Cry3Bb1 protein from the Bt corn are not toxic to the groups of arthropods sampled or that the amount of Cry3Bb1 protein in soil is extremely low and does not result in detectable biological activity.
Some studies report that the Cry1Ab protein released into soil from different hybrids of Bt corn expressing the Cry1Ab through root exudation persists in soil by binding itself to clays and humic material (Saxena et al. 1999 , 2002 , Saxena and Stotzky 2000 . In our study, ELISA revealed no detectable Cry3Bb1 protein in any of the soil samples collected from an area near the plant base and between rows in Þeld planted with Bt corn hybrid and its non-Bt isogenic hybrid for the Þrst year or 3 consecutive yr in the Þelds near Manhattan. Similarly, no protein was detected in any of the soil samples from Bt and non-Bt corn Þelds in plots near Scandia except in soil samples collected Means within a row followed by the same lowercase letter are not signiÞcantly different. Means within a column followed by the same capital letter are not signiÞcantly different (P Ͼ 0.05; PROC GLM; LSMEANS [SAS Institute 2003] .
a Wet soil sample (Manhattan 1, 0.50 g wet soil ϭ 0.47 g dry soil; Manhattan 2, 0.50 g wet soil ϭ 0.47 g dry soil; Scandia, 0.50 g wet soil ϭ 0.44 g dry soil).
from an area near the plant base. However, the amount in these samples was very low (3.38 Ð 6.89 ng/g dry soil). The difference in results from the studies cited above may be explained by differences in soil type, the protein studied, and the method used to quantify protein concentrations. Moreover, the authors did not address the separation of plant material from their soil samples, which may or may not have contained some amount of decaying Bt corn tissues. Therefore, the plant material content needs to be separated from soil samples to determine the possibility of protein in soil through root exudation.
Bt protein may be released into soil from decaying plant residues after harvesting of Bt crop plants. A Þeld study investigating the degradation of Bt protein in corn material indicated that the degradation of the protein in corn plant residues was slow, with a low amount of protein remaining until late spring (Zwahlen et al. 2003a) . Our Þeld studies show no Cry3Bb1 protein was present in any of the soil samples taken on three occasions in the growing season from Þelds where Bt corn had been grown and subsequently incorporated into the soil over 3 consecutive yr. These results are in agreement with a study where the amount of Cry1Ac protein persisting was extremely low in soils where Bt cotton had been continuously grown and subsequently incorporated into the soil (Head et al. 2002) .
Accumulation and persistence of Bt protein may occur when the rate of addition of protein to soil exceeds the rate of inactivation and/or degradation by both biotic and abiotic factors Stotzky 1995, Crecchio and . Studies with different Bt corn hybrids (Cry3Aa and Cry 1Ab) have found that these proteins do not persist and are generally broken down in the soil in Ͻ20 d (Ream et al. 1994 , Palm et al. 1996 , Sims and Holden 1996 . Hopkins and Gregorich (2003) suggested that much of the ␦-endoprotein in crop residues quickly decomposes in soil, but that a small fraction may be protected from decay in relatively recalcitrant residues. Like other Cry proteins (Palm et al. 1994 , Head et al. 2002 , degradation of Cry3Bb1 protein in soil does not follow a Þrst order process, and the rate of degradation may become slower as the amount of the Cry3Bb1 protein becomes less in soil (U.S. EPA 2002) . The results from our study show that the Cry3Bb1 protein released from root exudates or decaying plant residues does not persist and is rapidly broken down in the soil. The rapid degradation of Cry3Bb1 in soil results in none or trace amount of protein detected by ELISA.
The degradation of Bt protein mainly depends on microbial activity (Palm et al. 1996, Koskella and Stotzky 1997) . Once the Bt protein is bound to clay particles and humic substances, it seems to become less accessible for microbial degradation (Crecchio and Stotzky 1998, Tapp and . The amount of extraction varies with the soil type because of clay content and pH of the soil. The method of protein extraction as described by Palm et al. (1994) (comparable with our study) worked effectively to detect Cry3Bb1 in soil samples from different locations. The amount of extraction differs with the soil type because of clay content and humic substances and also apparently depends on the concentration of the protein in the soil. Once the Bt protein is bound to clay particles and humic substances, it seems to become more difÞcult to extract Bt protein from soil for qualitative analyses (Zwahlen et al. 2003a ). In our study, the efÞciency of Cry3Bb1 extraction was lower from soils from the Manhattan Þeld than the Scandia Þeld. This might be because of higher clay content in the soil of Manhattan (36%) compared with Scandia (5%). The extraction efÞciency of Cry3Bb1 protein was less from the Manhattan soils when puriÞed toxin was incorporated at lower rates than when incorporated at higher rates. However, the extraction efÞ-ciency of Cry3Bb1 from Scandia soil was similar at all concentration levels. The extraction efÞciency ranged from 25.2 to 55.2% (Manhattan 1), from 17.5 to 58.0% (Manhattan 2), and from 59.6 to 65.5% (Scandia) when puriÞed Cry3Bb1 protein was incorporated at different concentrations. The results are in agreement with other studies using different Bt protein, when spiked in different types of soil (Cry1Ab: Palm et al. 1994 , Cry1Ac: Head et al. 2002 .
In conclusion, our studies indicated that transgenic Bt corn expressing Cry3Bb1 was not detrimental to surface or below-ground arthropod communities. None of the Cry3Bb1 protein or only a trace amount was detected from soil near the base of the plants. Furthermore, there was no indication of protein accumulation over a 3-yr period. analyses; J. Whitworth for reviewing the manuscript; and the Monsanto Company for providing the corn hybrids. This is contribution 04 Ð 444-J from the Kansas Agriculture Experimental station.
